Nitrogen and iron largely determine phytoplankton production in the ocean, yet there are few direct incubation studies on nutrient limitation of phytoplankton in the western tropical North Pacific Ocean. Here, we assessed the effects of N and Fe amendments on both photosynthesis and biomass of phytoplankton (including final chlorophyll a biomass and taxonomic composition) in that region. Overall, the carrying capacity of phytoplankton biomass was primarily constrained by N, and Fe was a limiting resource only near the equator where phytoplankton was co-limited by N and Fe. Positive growth responses in nutrient-receiving treatments were predominantly caused by diatoms, sometimes together with Synechococcus. The often strong stimulation of large phytoplankton in these treatments substantially modified the phytoplankton assemblage from picoplankton-to diatom-dominated, which was often accompanied by a significant increase in photosynthetic competence. This is the first report showing that phytoplankton in the tropical western North Pacific are primarily limited by N, and co-limited by Fe in some areas. We combined our results with those from comparable studies in the tropical and subtropical Pacific Ocean to propose a general typology that describes and predicts the long-term effects of rate-limiting N and Fe on phytoplankton final biomass and changes in community structure.
I N T RO D U C T I O N
The supply of macronutrients (that contain bioavailable N, P or Si) and several micronutrients (trace metals, vitamins) largely determines phytoplankton production in the ocean. Among the potentially limiting chemical elements, N and Fe have long been identified as having key roles in limitation of oceanic primary production (McElroy, 1983; Martin et al., 1991; Falkowski, 1997) .
Even though it is argued that P, and not N, should control biological production in the ocean over geological timescales, N-nutrients have been reported to be more deficient than P-nutrients in a wide range of oceanic surface waters (Vitousek and Howarth, 1991; Moore and Doney, 2007) . For example, phytoplankton biomass in nutrient bioassays conducted in many low-latitude oligotrophic areas, e.g. tropical Pacific (Wu et al., 2003; Moutin et al., 2008) and North Atlantic (Moore et al., 2008) has only increased after addition of N-nutrients. However, P is increasingly limiting primary production in subtropical waters of the North Pacific Subtropical Gyre (Karl and Tien, 1997) , and is known to be the limiting element in the Eastern Mediterranean Sea (Thingstad et al., 2005) and certain areas of the subtropical Atlantic (Wu et al., 2000) .
In addition, primary production in many ocean environments is limited by the supply of Fe (Martin and Fitzwater, 1988; Boyd et al., 2000; Morel and Price, 2003) , which may have the largest effects on primary producers among all micronutrients (Sunda, 2012) . A recent synthesis on nutrient limitation (i.e. N, P, Fe, Si, Co, Zn and Vitamin B 12 ) of chlorophyll a (Chl a) biomass and primary productivity in surface waters of the World Ocean led Moore et al. (Moore et al., 2013) to conclude that N tends to limit productivity in low-latitude waters, whereas Fe often controls primary production in the main upwelling regions where the supply of macronutrients is high. Most Fe-addition experiments in incubation bottles and in mesoscale patches of surface seawater in a number of high-nitrate, low-chlorophyll (HNLC) regions have resulted in stimulation of phytoplankton growth (i.e. increase in biomass) and changes in taxonomic composition. The role of Fe as a limiting nutrient has been well established in HNLC waters in the subarctic North Pacific (Tsuda et al., 2003; Sugie et al., 2013) and the equatorial Pacific (Behrenfeld et al., 2006; Brzezinski et al., 2008 Brzezinski et al., , 2011 Johnson et al., 2010) , but there are few studies on Fe effects in the western tropical part of the North Pacific.
The lack of studies involving Fe in the tropical western North Pacific is largely linked with the view that oceanic surface waters there receive high Fe inputs from a variety of sources that include continental dust deposition, shelf waters and the Fe-rich New Guinea Coastal Undercurrent (Duce and Tindale, 1991; Mackey et al., 2002) . However, a modeling study has shown that Fe limitation extends to the western part of the tropical Pacific Ocean (Christian et al., 2001) , and field studies have also reported unexpectedly low concentrations of dissolved Fe (,1 nM) due to the lack of binding organic ligands in areas that include the northern South China Sea (where it appears to be independent of dust deposition) (Wu et al., 2003) , the East China Sea (Jiann and Wen, 2012) and the Bismarck Sea (Mackey et al., 2002) . Hence there is conflicting evidence whether the western tropical North Pacific is limited by Fe or not, especially as there have been very few direct measurements of Fe concentrations in this region (Nakayama et al., 1995) . In addition, in the vast western North Pacific surface waters, P was reported to be typically in excess of N as a consequence of generally low N 2 -fixation (Wu et al., 2003; Moore et al., 2004; Lee Chen, 2005) , although low-latitude oceans are generally deficient in N and P (Moore et al., 2013) , and severe P depletion has been reported to ocurr in certain large area where dust deposition caused strong N 2 -fixation (Hashihama et al., 2009) .
In various regions of the subtropical Pacific Ocean, nutrient enrichment bioassay experiments have provided direct evidence of spatial heterogeneity in the patterns of N and Fe limitation. For example, in the northern South China Sea, such enrichment bioassays using N, P and Fe confirmed the role of N in phytoplankton productivity and indicated that in situ N 2 -fixation was likely limited by Fe (Wu et al., 2003; Lee Chen, 2005) . A study of Fe and Si colimitation in the eastern equatorial Pacific suggested that Fe can significantly promote the growth of large resident diatoms, while Si is known to regulate diatom silicification in this area (Brzezinski et al., 2011) . Despite low concentrations of dissolved Fe over the whole Southeast Pacific gyre (,0.1 nM), Bonnet et al. (Bonnet et al., 2008) found that primary productivity there was Fe-limited only at the margin of the gyre and was controlled by N in the center (i.e. acclimated to low Fe); in that study, limitation was assessed in terms of photosynthetic competence (i.e. Fv/Fm, see below), abundance of picophytoplankton and total Chl a. In the Humboldt Current and the Peru upwelling, Hutchins et al. (Hutchins et al., 2002) and Eldridge et al. (Eldridge et al., 2004) confirmed, using bioavailable Fe bioassays, that phytoplankton could experience Fe limitation, with emphasis on responses in cell abundance and physiology (i.e. Fv/Fm) of cyanobacteria, picoeukaryotes and larger eukaryotic phytoplankton. Moreover, Hutchins et al. (Hutchins et al., 1998) described four types of Fe conditions for the phytoplankton community in California coastal upwelling systems, i.e. Fe-replete, Fe-stressed, moderately Fe-limited and severely Fe-limited, each type being characterized by a unique set of diagnostic indicators. These indicators ranged from no effect to control of the structure of the phytoplankton community, to far-reaching effects on nutrient cycling and the whole biological assemblages.
The above studies showed that the nutritional status of ocean waters can affect not only the final biomass (i.e. carrying capacity) and taxonomic composition of phytoplankton, but also physiological characteristics of the cells (e.g. photosynthesis). Yet so far, the effects of N and Fe on phytoplankton have not been explored in the vast lownitrate low-chlorophyll (LNLC) waters (in contrast to the well-studied HNLC waters, see above) of the Pacific. Hence, we decided to assess the responses of phytoplankton to these Fe-and N-additions in this ecosystem to complement the range of conditions investigated elsewhere in the Pacific, in view of developing a general framework for the combined limitation effects of Fe and N on phytoplankton in the whole tropical and subtropical Pacific Ocean. The objectives of the present study were: (i) to assess experimentally the responses of phytoplankton to potential Fe and N limitation in the tropical western North Pacific, (ii) to combine the results of these experiments with those from comparable studies conducted elsewhere in the tropical and subtropical Pacific, and (iii) to propose a general scheme for describing and predicting the effects on phytoplankton carrying capacity and taxonomic composition of combined Fe and N limitation in the tropical and subtropical Pacific Ocean.
M E T H O D Study sites and information on oceanographic cruises
Microcosm nutrient enrichment experiments were conducted at four stations in the western tropical Pacific gyre (Fig. 1) , from the Luzon Strait (Luz, 1228E, 218N), through the tropical western Pacific (WP1, 1268E, 188N; WP2, 1358E, 6.58N) and into the equatorial Pacific (EP, 1608E, 08N). Station Luz was sampled in August 2008 (on board R/V Dong Fang Hong II), stations WP1 and WP2 in July 2011 (on board R/V Ke Xue I) and station EP in December 2008 (on board R/V Ke Xue I).
Information on sampling dates and the environmental characteristics of the sampling stations is given in Table I . Salinity and temperature were measured using a SeaBird CTD (SBE 9/11 plus, SeaBird Inc., USA) from 0 to 10 m. Concentrations of nitrateþnitrite, phosphate and silicic acid in surface waters were measured with a Technicon AA3 Auto Analyzer (Bran-Lube, GmbH).
Sample collection and experimental design
Seawater samples for the incubation experiments were collected at a depth of 10 m with standard Niskin bottles (carefully acid-washed and rinsed with Milli-Q water before each sampling) mounted on a rosette sampler. Seawater was not collected using rigorous trace-metal clean methods, but precautions were carefully taken to minimize contamination problems following the protocol by Fitzwater et al. (Fitzwater et al., 1982) , e.g. the main metal parts of the rosette CTD system were replaced by silicone components or wrapped in plastic. In addition, data were normalized to values in the controls to eliminate potential contamination effects, and statistically analyzed to detect the possible occurrence of Fe contamination (see below).
After transferring the Niskin bottles from the sampling cable to a custom-built clean area on board the ship, isolated with plastic sheeting, seawater was immediately dispensed into 12 acid (HCl)-washed (three times) and Milli-Q water rinsed 20-L transparent polycarbonate bottles (carboys). N and Fe were added either alone (þN, or þFe) or in combination (þNþFe) (see Table I for treatment details), to final concentrations of 5 -10 mM NO 3 (KNO 3 , Merck cat #5063, with a maximum concentration of 0.0003% Fe), and 10 nM of Fe (20 mM FeCl3 stock in 0.01 N HCl). All nutrient stock solutions were cleaned using Chelex-100 ion-exchange resin (100-200 mesh, Bio-Rad Laboratories) (Pai, 1988; Price et al., 1989) . After nutrient additions, the carboys were sealed immediately and incubated in a flow-through deckboard incubator, where they were kept under natural light and at surface seawater temperatures for 5-6 days. Each treatment (including controls) was performed in triplicate, and sampled once a day using a peristaltic pump for determination of total Chl a biomass and picophytoplankton cell abundance. To do so, a closed pressure-pumping system was built following the clean approach described by Nakayama (Nakayama, 1997) , with some modifications, i.e. it consisted of a peristaltic pump and C-Flex tubing (carefully acid-washed) connected to the sterile cap that fitted each incubation carboy. Samples for measurements of Fv/Fm (see below) were taken more frequently (i.e. 2-3 times per day), and high performance liquid chromatography (HPLC) analysis was conducted only at the initial and end points in each incubated carboy. The peristaltic pump removed 6-8% per day of the incubated 20 L in each carboy. The carboys were gently stirred before and during each sampling event, and the samples were transferred into acid-cleaned containers that were kept in the same incubator as the incubated carboys.
Determination of total Chl a and Fv/Fm
Total Chl a was measured by filtering on board the ship 1.0 -1.5 L of seawater from the daily pumped subsamples onto 47 mm GF/F filters (Whatman, USA), which were immediately frozen in liquid nitrogen and kept at 2808C until analysis. Later in the laboratory, the filter samples were extracted in 90% acetone for 24 h at 48C, and Chl a concentration of the extract was measured with a Turner Trilogy fluorometer. Calibration was done with a Chl a standard (Sigma).
The Fv/Fm parameter (i.e. photosynthetic competence) was determined on board the ship with a Fluorescence Induction and Relaxation (FIRe) system (Satlantic Inc., Canada) with a bank of blue and green light-emitting diodes (the peak of the emission spectrum used was at 680 nm with an 30 nm half bandwidth), following the manufacturer's default configuration: gain calibration of 1000, sample delay of 1000 ms, number of samples of 10 and phase 1 single turnover flash consisting of a strong short pulse of 100 ms duration to measure the fluorescence induction from Fo to Fm (Fv ¼ Fo2Fm). The fluorescence yield following each flash was recorded internally for download at a later time. Triplicate samples were taken from each bottle twice a day and dark-adapted for 15-30 min before being injected into the FIRe system for measurements. Blanks (seawater syringe-filtered with a 0.22 mm porosity filter) were run before samples measurement, as described in our previous work (Jiao et al., 2009 ).
Determination of taxa by flow-cytometry and HPLC
Subsamples for determining the abundances of picophytoplankton (Prochlorococcus, Synechococcus and picoeukaryotes) and heterotrophic bacteria were run on board the The þFe results for station WP2 were lost.
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ship immediately after sampling, on a FACS Calibur flow cytometer (FCM, Becton-Dickinson) equipped with an external quantitative sample injector (Harvard Apparatus PHD 2000), referring to our previous work (Jiao et al., 2005) . Parallel samples for later analysis in the laboratory were also fixed with glutaraldehyde (final concentration: 1%), quick-frozen and stored in liquid nitrogen on board until analyzed. The FCM data were acquired at 80 mL min 21 for 1-3 min, and analyzed with the CellQuest 2.2 software (Becton Dickinson). Picophytoplankton populations were differentiated based on their scattering and fluorescence signals, and normalized using 1.0 mm fluorescent beads (Fluorescence Scientific) (10 6 mL
21
). Samples for enumeration of heterotrophic bacteria were run separately, after staining the DNA with SYBR Green-I (Molecular Probes) according to Marie et al. (Marie et al., 1999) .
For HPLC analysis, the photosynthetic pigments were extracted with N, N-dimethylformamide (DMF) (Furuya et al., 1998) on filters obtained and treated in the same way as for total Chl a (see above). The analysis was conducted on an Agilent 1100 Series analysis system fitted with a 3.5 mm Eclipse XDB C 8 column (Agilent Technologies), and the qualitative evaluation was done by reference to the scanning atlas from Zapata et al. (Zapata et al., 2000) . The retention times and the maximum absorption peaks of the main pigments were determined using the methods of Mackey et al. (Mackey et al., 1996) . Final quantification (with the standards purchased from Danish Hydraulic Institute Water and Environment, Denmark) and CHEMTAX calculations for estimating taxa abundances were done according to Stoń and Kosakowska (Stoń and Kosakowska, 2002) .
Statistical analyses
We used the Mann -Whitney U-test performed with Leon Avery's program (http://elegans.som.vcu.edu/ leon/stats/utest. html) to assess, in each incubated sample, the change in the median Fv/Fm over the course of the incubation (i.e. difference between 0 -24 and .24 h, which was chosen as the time threshold for the photosynthetic response). We also used the MannWhitney U-test to assess the difference of median values of Fv/Fm after 24 h between the þNþFe and þN treatments, with the idea that a significantly higher median Fv/Fm in the þNþFe than the þN treatments would indicate a lack of significant Fe contamination of the water sample.
For all other parameters (i.e. cells abundance and pigment biomass of different plankton groups, total Chl a), the final mean values in each treatment were compared with the corresponding values in the control in order to eliminate potential contamination. Analysis of variance was used to assess whether there was a significant difference between the treatment and control (a ¼ 0.05).
R E S U LT S Detection of possible Fe contamination
The median values of Fv/Fm before and after 24 h in the controls and treatments at each sampling station are given in the last row of Supplementary data, Table SI . At this stage, we consider only the values after 24 h in the þNþFe and þN treatments, and will use later the other values in Supplementary data, Table SI . At all four stations, the median values of Fv/Fm after 24 h in the þNþFe treatments were higher than those in the corresponding þN treatments, and the Mann-Whitney U-tests showed that the two medians were significantly different (U ¼ 74, 53, 101 and 62, with corresponding one-tailed P , 0.01, 0.01, 0.01 and 0.05, respectively). This indicates that the combined supply of N and Fe enhanced photosynthesis on the short term (i.e. 24 h) more than N addition alone, and hence that the water samples were not significantly affected by Fe contamination.
Physical and biological characteristics of the sampling stations
Surface water temperature was high at the four sampling stations, and salinity roughly corresponded to the averaged surface values in oligotrophic subtropical oceans. Maximum and minimum values of temperature and salinity were observed at stations EP and Luz, i.e. 29.68C and 34.8 and 28.88C and 33.1, respectively (Table I) . Although the four stations were visited during different seasons, solar radiation did not vary much among stations, i.e. the midday maximum values ranged between 1000 and 1200 mmol quanta m 22 s
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). The concentration of total in situ Chl a at the four stations was quite low (0.1 -0.3 mg L
), suggesting limitation of local phytoplankton growth and Fv/Fm generally ranged between 0.35 and 0.50 (Table I) . The lowest Chl a concentrations ( 0.1 mg L
) were observed at stations WP1 and WP2, located at the western limit of the North Pacific gyre, where photosynthetic competence was the highest (Fv/Fm ¼ 0.45 -0.47) among the four stations. Based on HPLC pigments, surface waters at station Luz, WP1 and WP2 were generally dominated by picoplanktonic cyanobacteria, with a high percentage of Synechococcus that ranged from 40 to 62% of the total pigments. At station EP, the resident phytoplankton assemblage was dominated by an assemblage of cyanobacteria (Synechococcus 30% and Prochlorococcus 20%) and haptophytes (30%).
Responses of phytoplankton taxa to nutrient additions
The in situ abundances of Synechococcus and picoeukaryotes ranged from 2.8 Â 10 3 to 9 Â 10 3 and 0.6 Â 10 3 to 2.6 Â 10 3 cells mL 21 at stations WP2 and Luz, respectively. Those of Prochlorococcus ranged from 16.3 Â 10 3 to 45.8 Â 10 3 cells mL 21 at stations Luz and EP, respectively (Fig. 2, Table II) . At all stations, the numbers of picoeukaryotes were significantly higher (P , 0.05) in the þN treatments (with or without Fe). At stations WP1 and WP2, the numbers of both Synechococcus and picoeukaryotes were significantly higher only in the þN treatments (with or without Fe), and were about the same in the þFe treatment. At station Luz, there was no significant response of Synechococcus to any treatment, or of picoeukaryotes to the þFe treatment. In contrast, at station EP, there were significant responses of Synechococcus and picoeukaryotes to all three treatments (i.e. þFe, þN, þNþFe), and the responses were especially strong in the combined þNþFe treatment. Prochlorococcus showed significant responses to the þN treatment (with or without Fe) only at station WP2 (Fig. 2, Table II ). At two of the three stations (i.e. Luz and WP2) where HB were determined in both the control and treatments receiving nutrients, these heterotrophic organisms also showed significant responses to the þN treatments (with or without Fe) (Table II) .
Based on the HPLC pigment data (Fig. 3) , all stations before incubation (i.e. initial values) were dominated by Synechococcus and Prochlorococcus, which accounted for 50-80% of the total pigments (also see Table I ). This structure of the phytoplankton assemblage clearly shifted after incubation in the þN treatments (with or without Fe) at Luz and EP, where the total pigments were largely dominated by diatoms (i.e. fucoxanthin), ranging from 37% (þN treatment at EP) to 67% (þNþFe treatment at EP). The second largest groups in these two treatments were Synechococcus at Luz and haptophytes at EP, including type 3 haptophytes (e.g. coccolithophores) and type 4 haptophytes (e.g. Phaeocystis spp.) (Fig. 3) . In contrast, at the end of incubation at WP1 and WP2, two treatments receiving N were still dominated by Synechococcus (i.e. from 39% in the þNþFe treatment at WP2 to 52% in the þNþFe treatment at WP1), but followed very closely by diatoms at WP2 ( 30%) and a combination of type 4 haptophytes and diatoms at WP1. Considering all stations, the large-celled diatoms had the largest contribution to the increases in pigment biomass (Chl a) in treatments with positive growth responses (followed by Synechococcus), with a drastic increase in pigments up to 50 Â over the initial values (þNþFe at both Luz and EP, data not shown). Other taxa also contributed to biomass increases in þN treatments (with or without Fe), e.g. dinoflagellates and type 4 haptophytes. Treatments that were significantly different (P , 0.05, n ¼ 3) from the control are in bold. N/A, no available data. Fig. 3 . Changes in taxonomic structure of the phytoplankton assemblage (derived from HPLC pigment analysis) before (i.e. "initial") and after the incubation (i.e. "control", þFe, þN, þNþFe) at each station.
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The final values of highly responsive taxa in nutrient treatments, in terms of either FCM cell counts (Synechococcus and picoeukaryotes) or HPLC pigments biomass (diatoms, dinoflagellates, type 4 haptophytes) were normalized to those of the controls in Table III . Considering all picophytoplankton data, the strongest response of Synechococcus to nutrient addition was observed in the þNþFe treatment at WP1 (cells almost 8 Â more abundant than in the control). Picoeukaryote cell numbers showed a smaller response, being 5 Â more abundant than in the control for the same þNþFe treatment at WP1 and EP. These two taxa also responded to the þFe treatment at EP (cells numbers about twice those in the controls). In addition, there were generally strong responses of larger phytoplankton, e.g. diatoms and dinoflagellates, to the supplement of N across stations (with or without Fe; pigment biomass between 2 and 57 Â higher than in the control).
Responses of phytoplankton to nutrient additions: photosynthetic competence and chlorophyll a
The final values of total Chl a and Fv/Fm in nutrient treatments were also normalized to those of the controls (Table III) . There was no significant response to the þFe treatment at any of the four stations except station EP, where there was a 2.0 and 1.1Â increase in Chl a and Fv/Fm over the controls, respectively. At the most oligotrophic stations (WP1 and WP2), significant increases in Chl a and Fv/Fm relative to the controls occurred in the þN treatments (with or without Fe; i.e. 5.7 -12.7 and 1.2-1.4Â the controls, respectively). The pattern of responses to N additions was similar at station Luz for Chl a and Fv/Fm, although at a lower level (2.9 -3.3 and 1.1Â the controls, respectively). Unlike the other three stations, the þNþFe treatment at station EP caused much more substantial increases in both Chl a and Fv/Fm (10.4 and 1.4Â the controls, respectively) than the treatments amended with Fe or N alone (up to 3.2 and 1.2 Â the controls, respectively).
Over the duration of incubation, the change of Fv/Fm before and after 24 h in each incubated carboy (including controls and treatments) was different among stations (Fig. 4, Supplementary data, Table SI ). For the controls, significant change (i.e. decrease) of Fv/Fm was found at only stations WP1 and WP2. There was a significant increase in Fv/Fm in N receiving treatments at stations Luz (þN, þNþFe) and all three treatments at EP (þFe, þN, þNþFe). All other changes were insignificant or negative changes (Mann -Whitney U-test, Supplementary data, Table SI ). For the total Chl a biomass (Fig. 5) , there were clearly increasing trends at each station in the þN treatments (with or without Fe) and in the þFe treatment at EP, although sometimes with a 2 -3 days lag (e.g. WP1). Similar to Fv/Fm, the þNþFe treatment at station EP led to the strongest increase in Chl a over the time course. The variation trends of total Chl a in controls differed among stations, from a clear decrease at stations WP1 and WP2, to some increase at station Luz (Fig. 5) .
D I S C U S S I O N Caveats
This study is the first in which multiple nutrient bioassays were conducted over a wide geographic area of the tropical western North Pacific. This is a region that has not been previously considered for Fe bioassay studies. Two caveats of our study are potential "bottle" (i.e. carboy) effects during the on-deck incubations, and possible Fe contamination at the time of sampling and processing. We minimized the carboy effect by using relatively large volumes of water, i.e. 20 L, and we incubated for relatively short periods of time before the system started to Treatments that were significantly different (P , 0.05, n ¼ 3) from the control are in bold. Differences in the median Fv/Fm between the treatments and controls after 24 h of incubation were tested using the Mann -Whitney U-test. N/A, no available data. collapse, i.e. 5 -6 days. As a result, there were generally no significant changes in phytoplankton composition ( particularly the dominant taxa) in the controls during the courses of incubations (except for the significant decrease in Prochlorococcus at stations WP1 and WP2), although their total pigments increased either moderately or very little or even decreased relative to the initial values (Fig. 3) . However, it must be noted that bioassays in oligotrophic environments may not reflect some of the processes that occur in the natural environment, e.g. in oligotrophic waters, heavy grazing pressure combined with efficient recycling of nutrients in the upper water column can maintain the biomass of rapidly dividing phytoplankton at a low level (Cullen et al., 1992; Landry et al., 1997; Beardall et al., 2001) . Concerning possible Fe contamination, we exercised special care at the time of sampling, we normalized the results of nutrient-addition experiments to the corresponding controls to eliminate potential contamination effects, and we carried out statistical analyses to detect potential contamination (see the Method section). Results at all stations show that addition of N and Fe together caused significantly higher Fv/Fm than addition of N alone, indicating the lack of Fe contamination of our water samples.
Phytoplankton growth and photosynthesis as a function of nutrient availability, and taxa succession
Altogether the FCM and HPLC results suggested that the strongest increases in diatoms in nutrient-amended samples could substantially shift the phytoplankton assemblage from picophytoplankton-dominated in the natual environment to diatom-dominated (Fig. 3 ). This agrees with previous field experiments in the equatorial and other regions of the Pacific ocean, where pennate diatoms were the first to respond to a variety of stimuli including Fe, silicate (Brzezinski et al., 2008 (Brzezinski et al., , 2011 and light (Johnson et al., 2010) .
Our results also indicated that even picophytoplankton, the most tolerant taxa to low nutrient conditions, could be limited by the low supply of N and/or Fe in the oligotrophic waters of tropical western North Pacific (Fig. 2, Table III ). Picophytoplankton have been reported to be less or barely affected by Fe enrichment compared with large phytoplankton cells in the equatorial Pacific Ocean (Coale et al., 1996; Brzezinski et al., 2011 ). Yet, they were more responsive in other systems such as the Southern Ocean and the Peru upwelling, where upon Fe addition, there were initial proliferations of picoeukaryotes (Boyd et al., 2000; Hopkinson et al, 2007) and cyanobacteria (Eldridge et al., 2004) , respectively. In the present study, the responses of picophytoplankton to Fe addition varied among stations. For example, the maximum in situ abundance of Synechococcus was observed at station Luz, where that taxon did not respond significantly to N or Fe enrichment (although picoeukaryotes did), indicating that the growth of Synechococcus was not initially limited by nutrients, and its standing stock was possibly regulated by other factors such as grazing or light.
Responses of different phytoplankton taxa during the incubation have also led to changes in final total Chl a among stations upon N and Fe enrichments. At station EP where ambient N was comparatively higher ( possibly influenced by the Equatorial Upwelling zone in the eastern equatorial Pacific), total Chl a increased significantly (to different extents) in all three nutrients receiving treatments, indicating that the final biomass stock of phytoplankton there was co-limited by N and Fe. At the N-poor station Luz, total Chl a increased upon addition of N (without or with Fe), as a result of growth of mostly diatoms. Similarly, at the N-poorest stations WP1 and WP2, only the addition of N (without or with Fe) caused significant increase in total Chl a, corresponding to the growth of both Synechococcus and diatoms. Altogether these results suggest that N limitation was prevailing in the oligotrophic waters of tropical western North Pacific.
At the physiological level, i.e. the maximum quantum yield of photochemistry in photosynthetic system II (Kolber et al., 1994; Boyd et al., 2000) , Fv/Fm also exhibited positive responses following the supply of nutrients, mostly N (Fig. 4 and Table III ). The significant differences in Fv/Fm between the þFeþN and þN treatments also indicate that both N and Fe could influence phytoplankton photosynthesis in the oligotrophic waters of tropical western North Pacific studied. More specifically, with added N, Fe could become the limiting nutrient at high biomass and high photosynthetic competence level, i.e. there was further enhancement of Fv/Fm in the NþFe treatment at all four stations. Meanwhile, our results suggest that the strong shifts in phytoplankton taxonomic composition (i.e. growth of large phytoplankton) following nutrient additions could have also contributed to changes in Fv/Fm of the total phytoplankton community (Figs 3 and 4) . Indeed, the synthesis of Suggett et al. (Suggett et al., 2009) suggests that the values of Fv/Fm of natural phytoplankton are largely determined by the algal taxa present ( particularly those contributing the most to total Chl a) and by changes in composition over time, i.e. taxonomic-dependence of Fv/ Fm (also see Suggett et al., 2004) . Previous culture experiments of several phytoplankton taxa under nutrientreplete growth condition have showed that the highest values of Fv/Fm (up to 0.65 -0.70; Koblížek et al., 2001) were associated with chlorophytes and diatoms, whereas the values for small picophytoplankton could be as low as 0.3-0.4 (e.g. typically between 0.1 and 0.4 for cyanobacteria; Koblížek et al., 2001 ). In conclusion, changes in dominant phytoplankton groups, e.g. the constant and significant development of diatoms in the present study, could largely set Fv/Fm, which is also influenced and regulated by nutrient availability.
However, the responses of photosynthesis to changing environmental conditions can be complex, knowing that it is also influenced by the light conditions that phytoplankton have experienced in situ (Behrenfeld and Kolber, 1999; Boyd et al., 2000) . Therefore, photosynthetic competence sometimes does not necessarily reflect directly nutrient status (De Baar et al., 2005; Suggett et al., 2009) . Indeed changes of Fv/Fm upon nutrient addition varied among stations in the present study, e.g. the rapid increase in Fv/Fm in the control and three treatments at the beginning of incubation at station Luz could perhaps be attributed to the release of light limitation, whereas nutrients addition at station WP1 and WP2 did not cause enhancement of Fv/Fm (even a decrease at WP2), although diatoms and other taxa grew to some extent (Fig. 4 and Table III and Supplementary data, Table SI) . Initial decreases from high in situ Fv/Fm in the controls and three treatments at these two stations may have resulted from photoacclimation, photoinhibition or some other initial incubation shock caused by the strong ambient irradiation (i.e. over 1000 mmol quantam 22 s 21 at midday time) during the incubation (Behrenfeld and Kolber, 1999; Boyd et al., 2000; Johnson et al., 2010) .
Typology of iron and nitrogen limitation in the tropical and subtropical Pacific
Previous studies have reported that nutrient limitation can affect both rate processes of phytoplankton and the extent of their growth (Cullen et al., 1992; Beardall et al., 2001) . In particular, one must distinguish between Liebig limitation, i.e. limitation of the extent of growth (maximum yield, also called carrying capcity) and the limitation of the instantaneous growth rate of phytoplankton ( Fig. 1 in Beardall et al., 2001) . Generally, the final standing Chl a biomass is determined by the total amount of nutrients in the water, and low nutrient concentrations can limit the growth rate of individual cells (Beardall et al., 2001; Moore et al., 2013) . Overall the HNLC areas have typically 6 to .25 mM NO 3 2 (e.g. Martin and Fitzwater, 1988; De Baar et al., 1990) , and resident phytoplankton respond to nanomolar additions of Fe. For example, Boyd et al. (Boyd et al., 2000) suggested that the threshold for dissolved Fe limitation in the Southern Ocean was 0.2 nM, and Biller and Bruland (Biller and Bruland, 2014) (Kolber et al., 1994; Behrenfeld et al., 2006) , and is therefore an important physiological indicator of nutrient stress (Geider et al., 1993; Boyd et al., 2000) . We used the indicators of NO 3 2 and Fe concentrations and the short-term responses of Fv/Fm following N and Fe addition, to assess nutrient limitation at 17 stations in the tropical and subtropical Pacific (4 from this study, and 13 from the literature; see Fig. 1 Table SIII) . It is worth noting that at all stations which were Fe-limited, the increases in Fv/Fm upon Fe addition ranged from 1.1 to 1.6Â when N was also limiting, and up to 3Â when N was not limiting, whereas at stations which were N-limited, the responses of Fv/Fm upon N addition only ranged from 1.1 to 1.3Â increase irrespective of Fe limitation or not (Supplementary data, Table SIII) .
In all the studies from the literature we used here, phytoplankton responses to Fe and N limitation had been assessed by nutrient enrichment incubation experiments comparable to ours, i.e. water samples were collected from the surface ocean (10-30 m), treatments were þN (final concentrations of 4 -10 mM) and/or þFe (final concentrations of 2 -10 nM), and incubations were in carboys for periods of 4 -6 (mostly 5) days under natural conditions. It is worth noting that at some of these sites, Si has also been reported as a co-limiting nutrient together with Fe, especially for diatom growth and silicification in HNLC systems (Moore et al., 2002; Brzezinski et al., 2008 Brzezinski et al., , 2011 . For example, synergies between the effects of added Si and Fe on diatom production were observed in the eastern equatorial Pacific (Brzezinski et al., 2011) and the upwelling coast of California (Hutchins et al., 1998) . A very recent study by Pichevin et al. (Pichevin et al., 2014) also proposed an intriguing Si and Fe interrelationship, i.e. prevailing conditions of Si limitation in the ocean could largely be caused by Fe deficiency.
The generaly observed long-term responses (Liebiglimitation) of both total and specific Chl a biomass (indicating community structure) from each of the 17 Pacific stations were entered in Supplementary data, Table SIV and summarized in Supplementary data, Table SV (changes in phytoplankton assemblages were represented in Supplementary data, Fig. S2 ). Overall, in the "limiting N and limiting Fe" category, Fe and N additions led to small (up to 2Â) and moderate (up to 6Â) increases in final Chl a, respectively, and the combined addition of N and Fe could enhance the total Chl a up to 10Â. Concerning the structure of the phytoplankton assemblage, the two nutrients caused pico-and nonpicophytoplankton to grow, but only addition of N (with or without Fe) caused the dominant taxa to change significantly from mixed ( pico-and non-picophytolankton) to large phytoplankton only. In the "limiting N and nonlimiting Fe or Fe-acclimated" category, Fe addition did not have effects on phytoplankton, while N addition (with or without Fe) generally led to high or even very high increases in final Chl a (up to 13Â), and dramatically changed the dominant taxa from picophytoplankton (cyanobacteria) to mixed or large phytoplankton (i.e. diatoms). In the "limiting Fe and non-limiting N" category, N addition did not have effects on phytoplankton, whereas Fe addition generally led to moderate increases in final Chl a (up to 5Â), and affected the composition of the phytoplankton assemblage, i.e. stimulation of diatom growth, especially large taxa. Finally, there were no observed responses of phytoplankton to nutrient additions in the "non-limiting N and non-limiting Fe" category.
We further generalized the above field results, and propose here a 2 Â 2 simplified typology that predicts the long-term effects (i.e. Liebig limitation) of Fe and N addition on phytoplankton final biomass (i.e. carrying capacity) and taxonomic composition as a function of rate-limiting nutrients in the tropical and subtropical Pacific Ocean (Table IV) . When Fe is a rate-limiting nutrient, the predicted effects of Fe addition are small stimulation of both large and small phytoplankton and thus of the final Chl a biomass (when N is also rate-limiting), and substantial stimulation of diatoms (especially large ones) and moderate effect on final Chl a biomass (when N is not rate-limiting). When N is a rate-limiting nutrient, the predicted effects of N addition are moderate and large stimulation of final biomass when Fe is rate limiting and non-limiting, respectively; in both cases, there is a predicted shift of the dominant phytoplankton from mixed to large taxa, or from pico-to mixed or large phytoplankton (i.e. diatoms). When neither N nor Fe are rate limiting, the prediction is no effect of addition of either N or Fe.
C O N C L U S I O N
We used on-board nutrient enrichments bioassays to investigate the responses of phytoplankton to experimental N and Fe amendments, in order to assess which nutrients were limiting phytoplankton in the tropical western North Pacific. Our results provide direct evidence that photosynthetic competence, the growth of large-sized phytoplakton taxa (especially diatoms) and sometimes Synechococcus, and thus the final Chl a biomass (carrying capacity) of phytoplankton in this region were primarily limited by N. Yet in one area, Fe became the co-limiting nutrient when N-limitation was experimentally removed (i.e. station EP). Otherwise, additions of Fe alone (i.e. stations WP1, WP2) could not lead to any significant change in phytoplankton. The novel 2 Â 2 N-and Fe-limitation typology we propose here is based on our results together with comprehensive field experimental data from previous literature. This typology provides a general scheme for studying the long-term effects on phytoplankton of the combined rate-limiting Fe and N in the tropical and subtropical Pacific Ocean. þFe: no effect þN: large effect on biomass, stimulation on both large and small phyto, shift from small to mixed phyto or diatoms þFE: no effect Supporting data from 17 field stations are given in Supplementary data, Tables SII -SV. "Small"and "large" phyto refer to pico-and non-picophytoplankton, respectively. .
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Supplementary data can be found online at http://plankt. oxfordjournals.org.
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